Nearly 40% of patients with non-invasive bladder cancer will progress to invasive disease despite locally-directed therapy. Overcoming the bladder permeability barrier (BPB) is a challenge for intravesical drug delivery. Using the fluorophore coumarin (C6), we synthesized C6-loaded poly(lactide-co-glycolide) (PLGA) nanoparticles (NPs), which were surface modified with a novel cell penetrating polymer, poly(guanidinium oxanorbornene) (PGON). Addition of PGON to the NP surface improved tissue penetration by 10-fold in intravesically-treated mouse bladder and ex vivo human ureter. In addition, NP-C6-PGON significantly enhanced intracellular uptake of NPs compared to NPs without PGON. To examine biological activity, we synthesized NPs that were loaded with the histone deacetylase (HDAC) inhibitor belinostat (NP-Bel-PGON). NP-Bel-PGON exhibited a significantly lower IC50 in cultured bladder cancer cells, and sustained hyperacetylation, when compared to unencapsulated belinostat. Xenograft tumors treated with NPBel-PGON showed a 70% reduction in volume, and a 2.5-fold higher intratumoral acetyl-H4, when compared to tumors treated with unloaded NP-PGON.
Background
Seventy-five percent of bladder cancer patients in the United States have non-muscle invasive disease at diagnosis, 1 and transurethral resection of the tumor nodule is the primary treatment. Most patients also are considered for additional intravesical therapy with Bacillus Calmette-Guérin (BCG), which has been shown to be effective at reducing recurrence. However, the response to BCG is unpredictable with nearly 40% of patients developing invasive disease progression despite BCG treatment. 2 Thus, improving local therapeutic modalities is crucial for improving the treatment of non-muscle invasive disease. As the bladder wall is poorly vascularized, systemic treatments do not reach sufficient levels, efforts are aimed at better penetration of the bladder permeability barrier (BPB). The urothelium is stratified and comprised of basal cells, intermediate cells, and the luminal surface BPB, which is formed by umbrella cells joined by tight junctions, and covered by uroplakin plaques. 3 Advantages of intravesical instillation of drugs include reduced systemic side effects and increased drug dose in the bladder tissue. 3 However, challenges include low BPB penetration and short drug exposure due to dilution during filling or elimination during voiding.
Improved outcomes were demonstrated in patients treated with a device that used positive charged ions to enhance BPB penetration of mitomycin C (MMC) compared to MMC alone. [4] [5] [6] Despite these encouraging results, implementing electromotive drug therapy into standard practice has been slow and generally not available outside of European academic centers. 7 To eliminate the need for a complex delivery device and to improve drug delivery through the urothelium, we have designed poly(guanidinium oxanorbornene) (PGON) surface functionalized poly(lactide-co-glycolide) (PLGA) nanoparticles (NPs) that can efficiently attach to the bladder urothelium and internalize into urothelial and bladder cancer cells for payload delivery.
Inhibition of histone deacetylases (HDACs) provides a strategy to halt invasion and metastasis of non-muscle invasive urothelial carcinoma. Histone acetylation is regulated by two families of enzymes, histone acetyl transferases and HDACs, which catalyze the addition or the removal of acetyl groups to lysine residues of nucleosomal histones, respectively. Approximately 5% of the total genome is regulated by HDACs, which affect genes involved in cellular proliferation, invasion, and metastasis, [8] [9] [10] and can be targeted with HDAC inhibitors. 11 Belinostat (NSC726630, PXD101) is an hydroxamic acid HDAC inhibitor, which binds to the zinc finger on HDAC, resulting in the inhibition of HDACs, including the HDAC6 isoform, which is thought to be instrumental in migration and invasion of neoplasia. 12 Belinostat has been shown to induce growth inhibition and cell cycle arrest in in vitro, and has efficacy against non-muscle invasive urothelial cancers in transgenic and xenograft models. 13, 14 Additionally, belinostat and other hydroxamic acid HDAC inhibitors have been shown to decrease invasion of bladder cancer in in vitro assays. 15, 16 These features have led to a randomized clinical trial of HDAC inhibition for chemoprevention of urothelial cancers. 17 In Phase I and II trials of advanced tumors, belinostat was well tolerated, with a half-life of approximately 1 h. 18 Intravesical treatment of bladder cancer with belinostat has not been attempted in clinical trials, in part due to its limited water solubility and the need for a suitable carrier.
PLGA is a biocompatible, degradable polymer approved by the FDA that has been used to encapsulate and deliver drugs, siRNAs, DNAs, peptides, and proteins. 19, 20 PLGA-NPs are particularly useful for stabilizing agents in vivo, 21 carrying agents across cellular or tissue barriers, 22 targeting specific cell populations, 23 and enhancing the delivery and biological activity of drugs and genetic agents. 24, 25 To increase transurothelial penetration, migration, and tumor cell uptake of NPs, PLGA-NPs were coated with PGON or chitosan using pegylated (PEG) phospholipids 25 and acylated avidin, 26 respectively. PGON is a polymer based synthetic mimic of cell penetrating peptides 27 and lacks mammalian toxicity. 28 We previously showed that conjugating biotinylated chitosan to PLGA increases the uptake of PLGA-NPs into bladder cancer cells, as well as into normal bladder and ureteral tissues. 29 Herein, we have characterized belinostat-loaded nanoparticles functionalized with chitosan and PGON. PGON-functionalized NPs were able to penetrate the urothelium of mouse bladder and human ureter, and a loaded higher belinostat (NP-Bel-PGON) payload than those that were chitosan-functionalized. NP-Bel-PGON induced prolonged HDAC inhibition in vitro and in vivo and suppressed bladder tumor growth in a xenograft.
Methods

Nanoparticle materials
Poly(D,L-lactide-co-glycolide) with terminal ester groups (PLGA, 50:50 monomer ratio and 0.55-0.75 dL/g inherent viscosity) was purchased from Durect Corporation. 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (DSPE-PEG) and DSPE-PEG-amine, were purchased from Avanti Polar Lipids. Biotinylated chitosan (2.5 kDa) was purchased from CarboMer, and size resolved by membrane filtration.
Synthesis of DSPE-PEG-PGON
PGON-modified with an NHS ester and t-BOC protecting groups was synthesized as described with a nine guanidinium chain length. 28 PGON-NHS was dissolved in dimethylforma-mide and incubated overnight with DSPE-PEG-amine in borate buffer at room temperature. A 1:1 mixture of triethylamine and dichloromethane (DCM) was used to remove t-BOC. The reaction mixture was purified using a rotary evaporator and dialysis in PBS at pH 7.4.
Preparation of avidin-palmitic acid conjugates
PLGA-NPs were coated with palmitate-avidin and then conjugated to biotinylated chitosan using methods previously described. 26 
Nanoparticle fabrication
Ligand coated and unmodified PLGA-NPs containing belinostat were prepared using a modified oil-in-water single emulsion technique. Briefly, belinostat was solubilized with PLGA in1:3 methanol and DCM overnight, and the ligands (i.e. DSPE-PEG-PGON or palmitate-avidin) were added to 5% (w/v) poly(vinyl alcohol) (PVA) in water at 37 °C 30 min prior to use. The organic phase was added dropwise to the aqueous phase under vigorous vortexing. This mixture was then sonicated using a TMX 400 probe sonicator and immediately poured into 0.3% (w/v) PVA in water. The NPs were allowed to harden under continuous stirring for 12 h to allow full evaporation of the organic phase. NPs were then collected by centrifugation, washed three times with deionized water, lyophilized, and stored at −20°C. Morphology of gold sputter-coated particles was analyzed using an XL-30 scanning electron microscope (FEI). ImageJ software analysis was used to determine particle diameter. C6-loaded NPs were prepared similarly using C6 0.3% (w/w) and DCM solvent evaporation for 3 h. Nile-Red (NR)-loaded NPs were prepared using NR 0.2% (w/w) and ethyl acetate solvent evaporation for at least 6 h. NP encapsulant loading was determined with DMSO dissolution or ethanol extraction and spectrofluorescence read against a respective standard curve.
Three NP treatment designs were used: 1) belinostat-loaded PLGA-NP functionalized with avidin (NP-Bel), 2) belinostat-loaded PLGA-NP functionalized with avidin and biotinylated chitosan (NP-Bel-Chit), 3) belinostat-loaded PLGA-NP functionalized with PEG phospholipids and PGON (NP-Bel-PGON). Also, empty-NP (lacking belinostat) served as a negative control (NP-Bk-PGON).
Cytotoxicity of bladder cancer cells
Three bladder cancer cell lines (T-24, UM-UC-3, and RT-4) were acquired from the American Type Culture Collection. T-24 and RT-4 cells were maintained in McCoy's medium, whereas UM-UC-3 cells were maintained in Eagles Minimum Essential medium. All cells were supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and 1% glutamine. Bladder cancer cells were seeded at 5×10 3 cells/well in a 96-well plate. T-24 cells are derived from an invasive high-grade bladder tumor with metastatic potential, UM-UC-3 cells have high metastatic potential and commonly used in xenograft models whereas RT-4 cells are more differentiated cells that have a papillary non-invasive phenotype. Cells were treated for 72 h with increasing concentrations of unencapsulated belinostat, NP-Bel, NP-Bel-Chit, and/or NP-Bel-PGON. NP-Bk-PGON served as a control, and the amount added varied in relation to the concentration of belinostat. Viability was measured after removing the NPs by washing the plates with PBS buffer. Cell viability also was measured in the presence of increasing mass of NPs, regardless of the amount of belinostat that was encapsulated. Cell viability was measured using WST-1 Reagent (Clontech) and IC 50 s were calculated after curve fitting of % inhibition of control value versus log concentration using Origin Lab Data Analysis Software.
NP uptake in ex vivo human ureter
The use of human tissue was approved by the Human Investigation Committee (#0710003157) at Yale University. The uptake of functionalized-NPs was measured in an ex vivo binding assay using benign human ureter within 4 h of collection. After washing the tissue in sterile DMEM with antibiotics, the tissue was placed in an autoclaved 96-well dot blot chamber (Biorad) with the luminal urothelium facing upward. Non-functionalized and functionalized NPs (200 µg NP/well) loaded with C6 were suspended in artificial urine and added to individual wells. Artificial urine was used as a control. The dot-blot chamber was then incubated at 37°C for up to 2 h. After incubation, wells were washed four times to remove non-adherent NPs, the tissue was cored, weighed, and extracted for fluorescence.
Mouse intravesical instillation
Female mice were sedated with ketamine (100 mg/kg) and xylazine (10 mg/kg) and then catheterized with a lubricated catheter from a 24G angiocath needle (BD). Bladders were emptied by manual compression and irrigated with sterile PBS, followed by instillation of 100 µl of NR encapsulated NPs including unmodified-NP (plain) and modified-NPs (PEG and PGON) at 1 mg/ml. An ultra-small clamp was placed on the external urethra for 2 h to prevent bladder emptying, after which the mouse bladder was washed extensively with PBS to remove non-adherent particles before the mouse was sacrificed and bladder removed. The bladders were then weighed and frozen for tissue extraction or embedded with OCT for fluorescence microscopy.
Fluorescence extraction from human and mouse tissue
Distilled water (750 µl) was added to frozen tissue cores or mouse bladders and homogenized on ice using a polytron (Brinkmann Instruments). The homogenate was vortexed for one hr at room temperature using the highest speed and then centrifuged (16,000×g, 10 min). DMSO was added to the precipitate and was again vortexed and centrifuged. The fluorescence in the samples (100 µl aliquots) was measured using a spectrofluorimeter at 460 nm excitation, 540 nm emission. Fluorescence in the DMSO supernatant was divided by either total fluorescence to determine % fluorescence, or by mouse bladder or human tissue weight.
Fluorescence-activated cell sorting (FACS)
Bladder cancer cells were incubated with 1 mg/ml NP-C6 for 2 h in a 37 °C humidified chamber containing the appropriate medium. The cells were rinsed with cold medium to inhibit endocytosis before trypsinization. Subsequently, cells were either treated with 0.3% trypan blue for 2 min or untreated before being washed and fixed for FACS analysis. 31, 32 
Fluorescence microscopy
For NP internalization studies, bladder cancer cells were grown on coverslips for 48 h until reaching 80-90% confluence. Cells were incubated with NP-C6s at 1 mg/ml for 2 h at 37 °C in a CO 2 incubator before the cells were rinsed with cold medium. Then the cells were treated with 0.3% trypan blue for 2 min or untreated before being washed with PBS and fixed in methanol-free 3.7% formaldehyde. Cells were then incubated with 0.1% Triton X-100 before being stained with Texas Red X-phalloidin (Invitrogen), to visualize actin. Coverslips with cells and cross-sections of mouse bladder were mounted on slides with Vectashield containing DAPI (Vector Laboratories) to visualize nuclei.
Xenograft Model
Eight-week-old female Foxn1 nu/nu mice were subcutane-ously injected in the left flank with 10 7 UM-UC-3 bladder cancer cells that stably expressed red fluorescent protein (UM-UC-3R). Tumor volume was estimated using the formula (tumor length x tumor width 2 ) × / 6. One week after injection, when tumor volume was 243 ± 12 mm 3 , mice were randomly divided into three groups: control (untreated) (n = 8); NP-Bk-PGON (n = 12); and NP-Bel-PGON (n = 10). Mice were intratumorally injected with 100 µl of the following: 10 mg/ml of NP-Bk-PGON or NP-Bel-PGON (5 mg belinostat/kg) diluted in PBS. Mouse tumors were injected on day 0, 4, 7, 11, 14 and 18, with day 0 being one week after injection of the tumor cells. Mouse tumors also were treated with 5 mg non-encapsulated belinostat/ kg. Tumor volumes were measured prior to injections. All animals completed the study and were sacrificed on day 21 (28 days after cell inoculation). All xenograft mouse tumors were weighted, snap-frozen, and stored at −80°C. All animal studies were approved by the Institutional Animal Care and Use Committee of Yale University.
Western blot
Protein lysates were prepared from snap-frozen mouse tumors and human bladder cancer cells. Cells were lysed in RIPA buffer (Cell Signaling Technology) containing protease and phosphatase inhibitors that was supplemented with an EDTA-free protease inhibitor cocktail (Roche Applied Science), 1 mM NaF, 1 mM PMSF, and 2 µg/ml of Aprotinin. Mouse tumors were minced using a polytron homogenizer in RIPA buffer containing aforementioned inhibitors and protein lysates were quantified. Western blotting was based on modified protocols. 30, 31 In brief, protein was analyzed by SDS-PAGE, transferred to PVDF membrane, blocked in 3% non-fat dry milk-PBS for 1 h at RT, and incubated with an acetyl-histone H4 rabbit polyclonal antibody (Millipore). Proteins were visualized with an anti-rabbit secondary conjugated to HRP, and detected using an enhanced chemiluminescence reagent (Thermo Scientific). Samples were normalized to Actin (I-19) an anti-goat polyclonal antibody (Santa Cruz Biotechnology), and band density was determined using Kodak 1D imaging software.
Statistics
Data are presented as mean ± SEM from 5-6 samples for each condition for cell viability studies. Tumor masses and volumes are presented as mean ± SEM. Significance is determined by ANOVA, where P < .05 was considered significant.
Results
Characterization of NPs
All preparations of PLGA-NP had mean diameters of 140-160 nm, determined by scanning electron microscopy (Table 1) . A representative scanning electron microscopy micrograph of NP-Bel-PGON particles showing morphology with schematic depiction is shown in Figure 1 . Loading of belinostat in the PGON-functionalized NP was 3.3 and 6.8 times higher than in NP-Bel and NP-Bel-Chit, respectively (Table 1) .
Belinostat induces urothelial cancer cytotoxicity
Viability was measured in T-24, UM-UC-3 and RT-4 bladder cancer cells, which were treated for 72 h with increasing concentrations of belinostat, provided in medium as freedrug or in NP-Bel, NP-Bel-Chit and NP-Bel-PGON formulations (Figure 2 ). Empty-NPs functionalized with PGON (NP-Bk-PGON, 0.0025-0.5 mg/ml) served as a negative control; these NPs did not reduce cell number, even at the highest concentrations. Viability was reduced by 70-95% in all three cell lines treated with 10 µM belinostat or functionalized belinostat NPs. Unencapsu-lated-belinostat has an IC 50 of 2.5 µM whereas the IC 50 of NPBel-PGON was 1.6 µM in UM-UC-3 and T-24 cells (Figure 2, B) .
NP-Bel-PGON prolongs histone hyperacetylation in urothelial cancer cell lines
As the prime biological effect of HDACi is to induce histone acetylation, western blotting of acetylated-histone H4 from UM-UC-3R and T-24 treated cells was competed with an antibody specific for acetyl-histone H4 (Figure 3 ). After 30 min of treatment, acetylation was the same for the two treatment groups and only slightly above the vehicle-NP (NP-Bk-PGON).
At 12 h of treatment, acetylated-histone H4 was over 2.5-fold higher in UM-UC-3 and over 6-fold higher in T-24 cells. When measuring relative expression to actin, encapsulated and uncapsulated belinostat were the same at 12 h of exposure in UM-UC-3R and T-24 cell lines. Histone hyperacetylation in the NP-Bel-PGON xenograft model was still evident 3 days after treatment.
One hour post-PBS wash, in drug-free medium, histone acetylation of both cell lines declined; however, acetylation was still 2-fold above baseline levels. Twelve hours post-PBS wash, the cells treated with NP-Bel-PGON continued sustained HDAC inhibition at 27% of maximum relative expression to actin in the UM-UC-3 cell line, whereas the level of histone acetylation of the unencapsulated treated cells was at baseline levels.
Penetration of BPB and internalization of NPs
NPs loaded with coumarin-6 (NP-C6), or PGON-functionalized NPs loaded with C6 (NP-C6-PGON) were incubated with human ureter over a period of 120 min. Uptake of NP-C6-PGON (200 µg NP/well) into the tissue after 2 h of incubation was 10-fold higher than that of NP-C6 (Figure 4 , A).
Mice were intravesically instilled for 2 h with NP-C6 or NP-C6-PGON. The fluorescence from bladders treated with NP-C6-PGON was approximately 10-times that observed in bladders treated with NP-C6 (Figure 4, B) . To identify depth of BPB penetration, microscopy of cross-sections of mouse bladders treated with NR-loaded NPs showed better urothelial and lamina propria penetration, which extended up to the surface of the detrusor muscle, with PGON-modified PLGA-NPs than with either of the control NPs (unmodified plain-NPs or modified PEG-NPs) (Figure 4, C) . The latter two NPs did not penetrate into the lamina propria or the detrusor muscle under these conditions. Bladder cancer cells were incubated for 2 h with NP-C6 and NP-C6-PGON, then treated with trypan blue to quench non-internalized fluorescent NPs. FACS revealed geometric mean fluorescence values for internalized NP-C6-PGON that were greater than values from NP without surface modification by 21 ± 8% and 38 ± 10% for T-24 and UM-UC-3 cells, respectively ( Figure 5, A) . This was supported by fluorescence microscopy showing improved association and internalization when cells were treated with NP-C6-PGON ( Figure 5, B) . 
Discussion
Currently, lesion directed resection and BCG instillation are the standard of care for nonmuscle invasive bladder cancers. Unfortunately, many patients develop invasive cancer and succumb to their disease. More effective local treatment modalities at the non-muscle invasive stage could prevent morbidity and mortality. We sought to develop a nanoparticle system that could be delivered locally, adhere to and penetrate the bladder urothelium, and be internalized into urothelial cancer cells for delivery of cytotoxic agents. We have demonstrated that a NP platform to deliver belinostat using the novel amidine-based cationic polymer coating PGON for BPB penetration can confer enhanced cytotoxicity against bladder cancer cells in vitro, enhanced association with and transition through human and murine urothelium, extended duration of HDAC inhibition in vitro and in vivo, and reduced xenograft tumor growth.
The effect observed from NP-Bel-PGON is due to the payload, belinostat, as the vehicle did not contribute to cytotoxicity, H4 hyperacetylation or tumor response. Belinostat works through HDAC and non-histone hyperacetylation mechanisms in the control of migration, invasion, and apoptosis in bladder cancer cell lines. Belinostat has been shown to have an IC 50 in urothelial cancers, including bladder and prostate cancer cells, 13, 14, 32 in the 1-10 µM range and is corroborated by our findings of 2-3 µM. Belinostat is currently used in clinical trials where intravenous treatment consists of daily infusions that reach approximately 100 µM at C max with short-lived (<6 h) histone acetylation states in peripheral blood mononuclear cells, 18 which have been shown in animal models to surrogate for tumor tissue acetylation state. 33 Few studies have used nanoencapsulated HDAC inhibitors for treatment of cancer. One involved encapsulation of belinostat into a liposome using a lipid film hydration technique. 34 Belinostat encapsulated in the liposome exhibited similar IC 50 to unencapsulated belinostat, hyperacetylation of histone H4 in MCF-7 breast cancer cells, and biologic activity during 24 hours of continuous in vitro exposure. 34 Our data using a ligand enhanced polymeric NP system similarly achieves a small size that increases the likelihood of transiting through disruptions in the BPB. Though the optimal size for this setting has not been evaluated, and it is unclear if there may even be diminishing returns with diminishing size, our data support the benefit of using a PGON penetrating polymer surface modification. In addition, we have shown that NP-Bel-PGONs cause histone H4 hyperacetylation in two urothelial cancer cell lines within 30 min of exposure, which suggests an initial burst release profile that was maintained for 3 days. Another study involved encapsulation of sulforaphane into albumin microspheres, and resulted in a reduction in tumor growth. 35 We synthesized PLGA-NPs because they are biocompatible and biodegradable polymers that can be functionalized with polymers and peptides. 25, 26 PGON is a cationic polymer with positively charged guanidinium groups 27 that can overcome PLGA repulsion from the anionic glycosaminoglycan coated apical surface of urothelial cells and lead to enhanced penetration and uptake. PGON was proposed for local bladder delivery as it penetrates eukaryotic cells without apparent toxicity and may facilitate cellular entry of the nanoparticle payload. The polycationic PGON could help the NPs adhere to the bladder wall and even open cellular junctions similar to other positively charged polymers. [36] [37] [38] Here, we examined uptake of NP-PGON loaded with the C6 fluorophore in human ureter. Uptake of PGON-functionalized nanoparticles was linear for 2 h. Using fluorescently labeled PGONfunctionalized NPs, we achieved a 10-fold increase in uptake in ex vivo human ureter and in in vivo mouse bladder compared to control NPs and greater penetration through the urothelium compared to control PEG-modified NPs. PGON-functionalized NPs penetrated into the lamina propria up to the surface of the detrusor muscle in mouse bladder.
Because of its penetration capabilities, PGON-functionalized NPs were loaded with belinostat for testing against xenograft tumors. Belinostat loaded more efficiently into PGON NPs compared to the unmodified or palmitoylated avidin chitosan-coated NPs. This may be due to a more favorable hydrophobic-hydrophilic interaction of belinostat with the PEGylated-lipid (DSPE-PEG) that confers a loading efficiency advantage over unmodified NPs or palmitoylated-avidin. Chitosan could not be made to surface coat PLGA-NP with the DSPE-PEG anchor system. Nonetheless, equimolar belinostat concentrations were used for all comparisons and showed similar cytotoxicity in vitro (Figure 2, A) as well as similar pre-wash histone H4 hyperacetylation. Vehicle controls of PGON coated PLGA-NPs were cell and tumor growth-neutral and did not alter histone acetylation expression.
To test our delivery system in an in vivo bladder cancer model, we used the UM-UC-3R human bladder cancer cell line in a flank xenograft murine model as it is a well characterized model that allowed for local therapy in a controlled manner. The in vitro washout and internalization studies showed the UM-UC-3R cells internalize the belinostat NPs and preserve a histone hyperace-tylation state for a longer duration than unencapsulated drug. [39] [40] [41] Using NPs, we provided an in vivo dose of belinostat that was ~100 times the IC 50 for bladder cancer cells. When functionalized with PGON, belinostat-loaded NPs that were injected into the tumors reduced tumor growth for at least 11 days, while tumor volume of control and NP-Bk-PGON injected tumors doubled. After 3 weeks, the tumor weight in animals treated with NP-Bel-PGON was less than half of that of vehicle control. In addition to the size difference, postmortem tumor RFP fluorescence suggests that the NPBel-PGON treated tumors comprised a smaller proportion of live neoplastic cells than the untreated or NP-Bk-PGON treated tumors. The larger non-fluorescent area in the NP-Bel-PGON treated group may represent apoptotic or necrotic areas, or attenuated RFP expression in the ongoing presence of HDAC inhibition perhaps due to epigenetic modification such as alternative splicing 42 or hyperacetylation of non-histone proteins that are requisite for fluorescence.
While our in vitro data are similar to other studies of bladder and prostate cancer cells treated with belinostat, notable differences are prominent in our in vivo studies. Previous pharmacokinetic and tumor pharmacodynamic studies in similar Foxn1 nude urothelial cancer have shown that non-encapsulated belinostat peaks in tumor tissue as well as in plasma and spleen at 1 h with a return to baseline after 3 h, and does not distribute in a tumor specific manner. 33 Therefore, frequent dosing of belino-stat has been shown to reduce tumor growth of human cancer xenografts in nude mice with dosing of 40 mg/kg once to thrice daily for up to three weeks. 12, 13, 43 These frequent dosing approaches have served as the basis for all xenograft studies of belinostat. As our system is designed for local bladder delivery and based on the prolonged duration of histone hyperacetylation from in vitro studies, we chose a twice weekly local delivery approach at a dose of 5 mg/kg belinostat extrapolated from in vitro cytotoxicity and washout data. Incidentally, at the start of treatment, the weights of all mice were within 2 mg of each other, resulting in the same dose, thereby avoiding systematic error of dosing locally based on a whole mouse mass.
Pharmacokinetic and pharmacodynamic studies of systemic delivery via intravenous belinostat in humans given over 30 min has demonstrated a half-life under 90 min, with H4 hyperace-tylation of circulating peripheral blood mononuclear cells at 4 times control for approximately 2-6 h. 18 Our in vitro study showed that the UM-UC-3R cells still had 4.5 times more hyperacetylation of histone H4 than vehicle control 12 h after wash (Figure 3, B) and tumor histone hyperacetylation in the NP-Bel-PGON xenograft group was still evident three days after treatment. Importantly, the NP vehicle was tumor growth neutral and 6 injections of NP-PGON containing 5 mg/kg belinostat over 21 days reduced tumor volume 71% compared to vehicle. In a transgenic model in which H-RAS was constitutively expressed under the control of a bladder urothelium mouse uroplakin II promoter, belinostat was given intraperitoneally at a dose of 100 mg/kg for 5 days a week for three weeks. The bladder weight for belinostat treated mice versus controls was reduced 50% in males and 36% in females. 14 In an orthotopic prostate cancer tumor model, belinostat was administered intraperitoneally at a dose of 40 mg/kg, three times a day for 3 weeks 13 and led to tumor growth reduction of 43% relative to the vehicle treated group.
Our data show that the PGON-NPs adhere to and penetrate the urothelium, are taken up by bladder cancer cells, have neutral tumor growth effect, and when encapsulated with belinostat, can cause sustained HDAC inhibition and tumor kill. Thus, our study suggests that an improved therapeutic index may be achieved with local delivery of a polymeric NP surface-modified with the novel polymer, PGON. Internalization of PGON-modified NPs. (A) FACS analysis shows that NP-C6-PGON were internalized within T-24 and UM-UC-3 bladder cancer cells more efficiently than control (NP-C6). *P < 0.05 from control NPs (n = 3). All values were normalized to NP-C6. (B) Fluorescence microscopy indicated that NP-C6 and NP-C6-PGON loaded with C6 (green) were localized in the cytosol region of T-24 cells. The nucleus was stained with DAPI (blue) and the cell membrane was stained with Texas Red X-phalloidin (red). Final tumor mass after 3 weeks of treatment. 
